Photodynamic therapy (PDT) and diagnosis (PDD) using 5-aminolevulinic acid (ALA) to drive the production of an intracellular photosensitizer, protoporphyrin IX (PpIX), are in common clinical use. However, the tendency to accumulate PpIX is not well understood. Patients with cancer can develop recurrent metastatic disease with latency periods. This pause can be explained by cancer dormancy. Here we created uniformly sized PC-3 prostate cancer spheroids using a 3D culture plate (EZSPHERE). We demonstrated that cancer cells exhibited dormancy in a cell density-dependent manner not only in spheroids but also in 2D culture. Dormant cancer cells accumulated high PpIX levels and were sensitive to ALA-PDT. In dormant cancer cells, transporter expressions of PEPT1, ALA importer, and ABCB6, an intermediate porphyrin transporter, were upregulated and that of ABCG2, a PpIX exporter, was downregulated. PpIX accumulation and ALA-PDT cytotoxicity were enhanced by G0/G1-phase arrestors in nondormant cancer cells. Our results demonstrate that ALA-PDT would be an effective approach for dormant cancer cells and can be enhanced by combining with a cell-growth inhibitor.
INTRODUCTION
Tumor cells accumulate protoporphyrin IX (PpIX) after treatment with 5-aminolevulinic acid (ALA). PpIX fluorescence can be visualized using a modified neurosurgical microscope and is used for photodynamic diagnosis (PDD). This detection is particularly used in glioma, bladder cancer, and prostate cancer. Furthermore, PpIX generates singlet oxygen and other reactive oxygen species on visible light irradiation. ALA-based photodynamic therapy (ALA-PDT) can lead to cell death via the necrosis or apoptosis pathway and is a highly effective form of therapy for treating superficial basal cell carcinomas.
Although ALA-PDD or -PDT are widespread in clinical use, PpIX accumulation mechanism and the difference between high-and low-accumulation cancer cells remain unclear. In a previous study, we demonstrated that the peptide transporter PEPT1 and the ATP-binding cassette transporter ABCG2 were key players in regulating intracellular PpIX in vitro and in bladder cancer specimens. Moreover, we identified the effects of plasma membrane ABCB6 on porphyrin accumulation under hypoxic conditions. In a recent study, ABCB6 upregulation played a key role in PpIX accumulation.
Altogether, these results suggest that transporters play a critical role in porphyrin metabolism.
Patients with cancer can develop a recurrent metastatic disease with latency periods that range from years to even decades. This pause can be explained by cancer dormancy. Dormant cancer cells whose physiological functions pause or become quiescent are relatively insensitive to most chemotherapeutic drugs and radiation. The cells can cause tumor recurrence when they re-enter the cell cycle. The mechanism of entering the dormant state is poorly understood; however, dormant cancer cells can be characterized by the absence of proliferation or death, metabolic suppression, and recovery of active status.
Tumor cells in the human body interact with neighboring cells and are present in a high cell density. However, cancer cells grown in a 2D monolayer culture are at a low density and lose tissue-specific properties. A 3D-cultured cancer spheroid achieves much higher cell density than 2D culture and reproduces several parameters of the tumor microenvironment, including oxygen and nutrient gradients and the development of dormant tumor regions. Furthermore, high cell density leads to contact inhibition. Since Contact inhibition suppresses cell growth, cancer spheroids possibly enter the dormant state. Dormant cancer cells are insensitive to most treatments, although there are no reports between those cells and ALA-PDT effect. We speculated that porphyrin metabolism after cell dormancy and ALA treatment are simultaneously regulated in cancer spheroids in a 3D culture. In this study, we tested this hypothesis.
RESULTS

Cancer spheroids were formed in EZSPHERE™ 3D culture plates
An aliquot of 5  10 5 PC-3 prostate cancer cells was seeded in every 35-mm dish of the EZSPHERE™ 3D culture plate. During seeding, the cell number was the same in each microwell of the culture dish. Four days after seeding, approximately 2,300 spheroids had formed in each dish. The average diameter of the spheroids was 189 ± 30.1 μm ( Fig.   1a ). Hoechst staining of spheroids revealed a cell density higher than that in a 2D culture and a spheroid thickness of approximately 80 μm ( Fig. 1b ). This thickness is sufficient for oxygen diffusion because spheroids above 200 μm in diameter experience hypoxic conditions at the core. Similarly, we formed two other sizes of spheroids by reducing the number of seeded cells ( Fig. 1c ). To create different cell density conditions in a 2D culture, cells were seeded in every 35-mm flat dish to a specified cell density and cultured for 4 days (Fig. 1d ). The cellular protein amount has a positive relationship with cell density (Fig. 1e ). We used these spheroids from the 3D culture and 2D cultured cells for subsequent experiments. 
Cancer cells show dormancy depending on cell density in 2D culture and on spheroid formation
Furthermore, we investigated the effects of cell density and spheroid formation on cell dormancy. Cancer dormancy is characterized by no proliferation, no death, metabolic suppression, and recovery of active status. First, we assessed cell proliferation in both the 2D culture and 3D culture. Ki-67, a cell proliferation marker, was downregulated in a manner dependent on cell density and spheroid size ( Fig. 2a and 2b) . In contrast, p21, a regulator of cell cycle progression in the G1 and S phases, was upregulated in spheroids. Bromodeoxyuridine (BrdU) is a thymidine analog used for monitoring cell proliferation. BrdU-positive cells were decreased in the same manner ( Fig. 2c and 2d ). These results suggested that cell proliferation was suppressed at high cell density. However, little cell death was observed in spheroids, even at their maximum sizes ( Fig. 2e ). To investigate metabolic activity, we measured the uptake amount of 2-NBDG, a fluorescent glucose analog. 2-NBDG fluorescence decreased with cell density in the 2D culture and spheroids ( Fig. 2f, 2g , 2h, and 2i). The decreased proliferation was reversible; when the spheroids were reduced by pipetting and re-plated in a flat plate 2D culture, the cells demonstrated a recovery of the proliferation rate to control levels with a slight delay ( Fig. 2j ).
Altogether, these results indicated that spheroids or cells cultured under a high cell density in 2D demonstrated dormancy.
We accordingly used them as models for dormant cancer cells. uptake in the 2D culture was analyzed by confocal fluorescence microscopy. Cells were incubated with glucose and FBS-free medium for 24 h, after which 100 μM 2-NBDG was added, followed by incubation for 25 min at 37°C. (g) Fluorescence intensity of 2-NBDG in the 2D culture. (h) 2-NBDG uptake in the 3D culture was analyzed by confocal fluorescence microscopy. (i) Fluorescence intensity of 2-NBDG in the 3D culture. (j) Re-growth of degraded spheroids in the 3D culture compared with that in the 2D culture. Cells were incubated for 4 days to form S500 spheroids and for the same period for the 2D culture. After 4 days, cell numbers in the 2D culture and spheroids were confirmed to be similar. Then, cells were again placed in the 2D culture at 4.2 103 cells/cm2. Cells were counted by trypan blue staining. n = 3. Bars represent standard deviations (SD).
PpIX accumulation increases in dormant cancer cells
To investigate the effect of cell dormancy on PpIX accumulation after ALA treatment, we evaluated the accumulation under different cell density conditions in the 2D culture. PpIX accumulation revealed a positive relationship with cell density (Fig. 3a and 3b ). The PpIX amount increased 23-fold between the lowest cell density in the 2D culture and S500 spheroids. In contrast, PpIX accumulation decreased under hypoxic conditions. Similarly, PpIX accumulation revealed a positive relationship with spheroid size ( Fig. 3c and 3d ). These changes too were inferred to have been caused by cell dormancy. Altogether, these results suggest that PpIX accumulation increases with cell dormancy under normoxic conditions. 
ALA-PDT cytotoxicity was induced in dormant cancer cells.
ALA-PDT can lead to cell death via the necrosis or apoptosis pathway and is a highly effective form of therapy for treating superficial basal cell carcinomas. We investigated ALA-PDT cytotoxicity under different cell-dormancy conditions. Cell viability in the 2D culture was reduced by ALA-PDT in a cell density-dependent manner ( Fig. 4a and Table 1 ). Cell viability of spheroids was also reduced in a size-dependent manner ( Fig. 4b and Table 2 ). These results are in good agreement with the increase in PpIX accumulation ( Fig. 3b and 3d) . They indicate that ALA-PDT cytotoxicity was induced by the increase in PpIX accumulation in a cell dormancy-dependent manner.
Fig. 4
Effect of ALA-PDT on cell viability. Cells were incubated with 1 mM ALA in a complete medium for 24 h and then exposed to 1080 mJ/cm 2 light for 5 min. Cell viability was determined on the next day by the MTT assay after treatment. (a) ALA-PDT in the 2D culture. Cells were incubated for 1 day before ALA treatment. n = 6. (b) ALA-PDT in spheroids. Cells were incubated for 3 days before ALA treatment. n = 3. Bars represent standard deviation (SD) ( Table 1) Percentage cell viability in the 2D culture. (Table 2 ) Percentage cell viability in spheroids. Table 1   Table 2 Proc. of SPIE Vol. 11070 110702H-7
PEPT1 and ABCB6 were upregulated depending on cell dormancy, whereas ABCG2 was downregulated
We assessed the protein expression of transporters involved in porphyrin metabolism. In a previous study, we demonstrated that PEPT1, ABCB6, and ABCG2 were key players in regulating intracellular PpIX after ALA treatment.
PEPT1 and ABCB6 were upregulated in a cell density-dependent manner in the 2D culture and size-dependent manner in the 3D culture. (Fig. 5a, 5b, and 5c ). In contrast, ABCG2 was downregulated in the same manner. Expression of neither hypoxia-inducible factors (HIF)-1α nor -2α was observed in S500, which was the maximum size of spheroids. mRNA expression of vascular endothelial growth factor (VEGF) was upregulated in a cell density-dependent manner.
Altogether, these results suggest that cell dormancy affects not only one but multiple genes to enhance porphyrin production. 
PpIX accumulation increased in proliferation-inhibited dormant-like cancer cells.
In the previous section, we revealed that PpIX accumulation increased and cancer cell proliferation decreased in a cell dormancy-dependent manner. We accordingly hypothesized that PpIX accumulation is increased in proliferationinhibited dormant-like cancer cells. To test this hypothesis, cells were cultured with methotrexate (MTX) or cycloheximide (CHX), which are reported to be G0/G1-phase arrestors for PC-3 cells. Cell density was prepared similarly for subsequent experiments. Ki-67 was downregulated by drug additions (Fig. 6a ). Expression levels of PEPT1 and ABCB6 were not changed; however, ABCG2 was downregulated by both the drugs. PpIX accumulation was increased approximately 4-fold by drug additions (Fig. 6b and 6c ). Next, we investigated ALA-PDT cytotoxicity under these conditions. Cell viability was markedly reduced, which is a result in good agreement with the increased PpIX accumulation (Fig. 6d ). Altogether, these results indicated that ALA-PDT cytotoxicity increased in dormant-like cancer cells. 
DISCUSSION
In this study, we first demonstrated that cancer cells exhibited dormancy dependent on cell density and spheroid size.
Cell dormancy was characterized by no proliferation, no death, metabolic suppression, and recovery of active status.
Second, we demonstrated an increase of PpIX accumulation after ALA treatment with the same dependency. We infer that PpIX accumulation increases with cell dormancy. Moreover, ALA-PDT cytotoxicity was induced and transporters involved in porphyrin metabolism were regulated in a cell dormancy-dependent manner in both the 2D culture and spheroids. PpIX accumulation was increased by incubation with ALA and G0/G1-phase arrestors and ALA-PDT cytotoxicity was also induced. To the best of our knowledge, this is the first study to demonstrate that dormant cancer cells accumulate high PpIX levels and are sensitive to ALA-PDT.
Many methods of 3D multicellular spheroid culture for biomedical research have been reported. For example, matrigel culture, spinner flasks, and hanging drop are well-known methods for spheroid culture. In this study, we used the EZSPHERE™ 3D culture plate to form spheroids. This culture plate has been particularly used for embryonic stem cell research, and this is the first report to use the culture plate to form cancer spheroids. This culture plate has two advantages. First, it allows the development of uniformly sized spheroids and the control of spheroid size by change in the number of cells seeded in the plate (Fig. 1c) . Second, the culture medium can be exchanged with other media with the preservation of the spheroid 3D structure so that spheroids in the plate permit PpIX accumulation analysis by confocal fluorescence microscopic imaging ( Fig. 3a and 3c ). Finally, spheroids formed in the plate demonstrate the same phenotypes as described in previous reports: inhibition of cell proliferation and VEGF upregulation (Supplementary Figure S2d ).
Although understanding of porphyrin and heme biosynthesis has helped to advance the field of ALA-PDD and PDT, no well-defined mechanism of PpIX accumulation in cancer cells after ALA administration is known. In some studies, correlation between cell density and PpIX accumulation in the 2D culture has been suggested. Georgakoudi et al and Moan et al reported that high-density populations produce substantially higher amounts of PpIX per cell than low-density populations but did not suggest a clear mechanism. In other studies, correlation in the 2D culture between cell proliferation and PpIX accumulation has been found. Moan et al have reported that the only cell cycle dependence of PpIX synthesis appears to be simple volume dependence in WiDr (human colon adenocarcinoma) cells. Given that cells in the G2 and M phases produce 1.9 times as much PpIX as cells in the G1 phase, the increase of PpIX accumulation could be explained by cell volume. In this study, PpIX accumulation also demonstrated a positive relationship with cell density in the 2D culture, and this relationship was observed even in the 3D culture ( Fig. 3b and 3d ). PpIX accumulation analysis of cells incubated with ALA and G0/G1-phase arrestors (methotrexate or cycloheximide) revealed that the PpIX amount was increased in PC-3 cells, although cell volume was unchanged (Fig. 6b) . Thus, the effects of cell density on PpIX production may be cell line-dependent.
Gene expressions were dramatically altered in a cell dormancy-dependent manner. To the best of our knowledge, this is the first report to demonstrate that PEPT1, ABCB6, and ABCG2 expression levels are regulated by cell density or dormancy. ABCG2 was upregulated in gastric and ovarian cancer spheroids. In our study, ABCG2 was downregulated, and one of the causes was suppression of cell proliferation. Because cells treated with G0/G1-phase arrestors expressed less ABCG2 (Fig. 6a ). However, the final reason for PEPT1 and ABCB6 upregulation is unknown. In our previous study and others, PEPT1 and ABCB6 were upregulated under hypoxic conditions. However, we could not detect HIF expression in the 2D or 3D culture (Supplementary Figure S2c ). Cells treated with CoCl2 or DMOG, which are known as HIF inducers, did not demonstrate increased PpIX accumulation (data not shown). Furthermore, coproporphyrin III, which is eliminated from cells under hypoxic conditions after ALA treatment, was not detected in spheroids. These results suggest that hypoxia is not a critical factor in PpIX accumulation increase. However, TNF-α and IFN-γ increase PEPT1 expression and activity. Transporter expression may be upregulated by cytokine concentration in a cell densitydependent manner.
Recently, cancer spheroids have been reported to reflect heterogeneous tumor tissues more accurately in the 3D culture than in the 2D culture. Gene expression in spheroids is heterogeneous owing to exposure to oxygen and nutrients and to other physical and chemical stresses in different microenvironments. Ki-67 positive cells were present at edges of spheroids, and the cells in the center were dormant. We demonstrated that dormant cancer cells tended to accumulate high PpIX. Accordingly, we expected that PpIX levels in the cells in the center would be high and those at the edges would be low. However, we observed that the cells at the edges accumulated high PpIX and the cells in the center accumulated low PpIX (Fig. 3c ). This observation may reflect the heterogeneity of micro-environmental ALA concentrations, given that cells at the edges readily take up ALA from the medium. PpIX levels of cells were also heterogeneous in the 2D culture. The PpIX level changed more than 2-fold between high-and low-PpIX-accumulating cells in the same culture dish (Fig. 3a) . This phenomenon is in good agreement with BrdU-positive heterogeneity.
The results of this study indicate that ALA-based treatment would be an innovative therapy for dormant cancer cells, which are relatively insensitive to most chemotherapeutic drugs and radiation. In addition, these cells can cause tumor recurrence when they re-enter the cell cycle. Accordingly, much research has been attempted to improve treatments for resistance. In this study, we demonstrated that dormant cancer cells tended to accumulate high PpIX and had higher sensitivity to ALA-PDT than non-dormant cells ( Fig. 4a and 4b) . Moreover, ALA-PDT cytotoxicity to non-dormant cells could be enhanced by combination with G0/G1-phase arrestors (Fig. 6d ). In previous studies, combination with methotrexate (MTX) enhanced ALA-PDT in skin carcinoma and prostate cancer. In brief, these authors argued that PpIX accumulation was induced by MTX and that one of the causes was the upregulation of coproporphyrinogen oxidase.
From previous reports and the increase of PpIX accumulation in dormant cancer cells in this study, we propose that ALA-based diagnosis and therapy will be effective approaches for dormant cancer cells. However, the reason for high PpIX accumulation in those cells remains unclear. Further study of the PpIX accumulation mechanism in dormant cancer cells should contribute to ALA-based treatment.
